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Metal-organic frameworks (MOFs) are an important class of materials that
present intriguing opportunities in the fields of sensing, gas storage, catalysis,
and optoelectronics [1–4]. Very recently, two-dimensional (2D) MOFs have been
proposed as a flexible material platform for realizing exotic quantum phases
including topological and anomalous quantum Hall insulators [5–11]. Experi-
mentally, direct synthesis of 2D MOFs has been essentially confined to metal
substrates [12–16, 19–21] , where the interaction with the substrate masks the
intrinsic electronic properties of the MOF. Here, we demonstrate synthesis of 2D
honeycomb metal-organic frameworks on a weakly interacting epitaxial graphene
substrate. Using low-temperature scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) complemented by density-functional theory
(DFT) calculations, we show the formation of 2D band structure in the MOF de-
coupled from the substrate. These results open the experimental path towards
MOF-based designer quantum materials with complex, engineered electronic
structures with potential applications in devices with currently inaccessible and
unforeseen functionalities [17].
The synthetic flexibility and tuneable electronic properties of MOFs stem from the choice
of metal atoms, organic molecules, the linker chemistry and electronic and magnetic inter-
actions among the building blocks [5, 8, 10, 11, 18, 19]. For example, it is possible to realize
honeycomb and Kagome lattices that are expected to give rise to Dirac cones and flat bands
in the band structure [5–8]. Introducing spin-orbit coupling in hexagonal MOFs should
result in the opening of topologically non-trivial band gaps and the realization of organic
topological insulators. Further, the immense design flexibility suggests MOFs as an ideal
tuneable platform for realizing organic quantum materials with exotic electronic ground
states such as quantum anomalous Hall insulators, Kitaev spin liquids, and superconduc-
tors [5–11]. However, experimental study of these phases requires synthesis methods that
yield monolayer MOFs on weakly interacting substrates such that their intrinsic electronic
properties can be probed.
Procedures for direct growth of 2D MOFs exist, e.g. through synthesis on the air-liquid
interface or by chemical vapour deposition (CVD) in ultra-high vacuum (UHV) conditions
[12–14, 19–21]. CVD growth is typically carried out on metallic substrates where various
types of frameworks have been studied in detail [18, 19]. However, the strong hybridization
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with the underlying substrate masks the intrinsic properties of the frameworks. This problem
has been overcome in the case of single molecules by the use of ultrathin insulating films
[22–24] and inert 2D materials such as graphene [25–28] that electronically decouple the
molecule from the metallic substrate. Unfortunately, self-assembly and, in particular, on-
surface chemical reactions are a virtual terra incognita on weakly interacting, non-catalytic
substrates [28–33] and therefore the experimental observation of the intrinsic electronic
properties of 2D MOFs has been elusive.
Here, we demonstrate the controlled synthesis of high quality honeycomb MOFs on epi-
taxial graphene using different organic linkers (dicyanobiphenyl, DCBP, and dicyanoan-
thracene, DCA) with cobalt metal atoms. We characterize the structures using low-
temperature STM and AFM. We demonstrate the formation of 2D band structure in the
DCA-Co MOF by scanning tunneling spectroscopy (STS) measurements complemented by
DFT calculations.
Figure 1 shows the structure of the honeycomb MOFs - DCBP3Co2 and DCA3Co2 - syn-
thesized on epitaxial graphene grown on Ir(111) (G/Ir(111)) surface. Figure 1a shows an
overview STM topography image of DCBP3Co2 MOF possessing a long-range ordered hon-
eycomb structure. An atomically resolved non-contact AFM (nc-AFM) image of DCBP3Co2
MOF using a CO-terminated tip is shown in Fig. 1b. The hexagonal symmetry and non-
planarity of DCBP molecules (finite torsional angle between two phenyl rings along the
long axis) making the framework chiral are readily apparent. This is consistent with the
DFT calculated structure on graphene (Fig. 1c) and simulated nc-AFM image as shown in
Supplementary Information (SI) Fig. S1. The calculated gas-phase structure shows that the
cobalt atom is in the plane of the framework while it relaxes slightly (about 10 pm) towards
the surface on graphene.
Similar to the DCBP3Co2, DCA3Co2 MOF also reveals a symmetric honeycomb structure
as shown by the STM topography image in Fig. 1d. A typical STM image of a large
area DCA3Co2 MOF is shown in SI Fig. S2 where various domains of different sizes are
clearly visible. Compared to DCBP3Co2, the domains of the DCA3Co2 MOF are smaller in
size probably due to the more limited mobility of DCA on the graphene surface. A DFT
simulated structure corresponding to DCA3Co2 framework is shown in Fig. 1e. Here also
the DCA molecules and cobalt lie in the plane of the framework for gas-phase optimized
structures (see SI for the computational details). In both MOFs, we estimate the N-Co
3
FIG. 1. Overview of two MOFs. a, An STM overview image of a honeycomb DCBP3Co2 MOF
on G/Ir(111) surface. Scale bar is 10 nm, imaging parameters: 1.23 V and 3.3 pA. b, Constant
height frequency-shift ()∆f) nc-AFM image of DCBP3Co2 MOF acquired with a CO-terminated
tip. Scale bar is 1 nm. c, DFT simulated structure of DCBP3Co2 MOF on graphene. d, STM
topography image of DCA3Co2 MOF. The scale bar is 1 nm, imaging parameters: -1 V, 15 pA.
e, DFT simulated structure of DCA3Co2 MOF on graphene. Red parallelogram indicates the unit
cell.
coordination bond length from the high resolution STM images to be 1.55 ±0.5 A˚ (see SI
Fig. S3) which is comparable to the value extracted from DFT relaxed structures and earlier
reports [12]. Further, the measured lattice constant of the DCBP3Co2 MOF, a1 is 27.9 ±
0.4 A˚ while DCA3Co2 MOF possesses a lattice constant a2 of 19.6 ± 0.2 A˚ (compared to
the 27.3 A˚ and 20.0 A˚ as extracted from our DFT optimized structure, respectively).
We synthesize the MOFs by first depositing the organic molecules, followed by deposition
of the metal atoms with subsequent annealing. Each of the honeycomb MOFs is separately
preceded by the formation of an assembly of single complexes upon deposition of Co atoms
on the molecular-layer on G/Ir(111) surface. The network of these complexes is stabilized
through intermolecular hydrogen bonds between the cyano and phenyl groups. While DCBP
forms four-fold mononuclear single complexes (DCBP4Co) and a stripe of four-fold frame-
work (DCBP3Co) depending on the DCBP:Co stoichiometry, DCA forms only mononuclear
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three-fold (DCA3Co) complexes which is unambiguously confirmed by nc-AFM image (see SI
Figs. S4 and S5). We attribute the absence of four-fold DCA4Co to a larger steric hindrance
compared to that of a four-fold structure of DCBP4Co.
FIG. 2. STS on single complexes. a, dI/dV spectra measured on a single DCBP molecule
(blue curve), and the Co atom (orange) and on the ligand (red) of a DCBP4Co complex. b, dI/dV
spectra measured on a single DCA molecule (blue curve), and the cobalt atoms (orange) and the
ligand (red) on a single DCA3Co complex. The positions of the spectra are shown on the bottom
panels.
Figure 2 compares dI/dV spectra recorded on single molecules and the corresponding
single metal-organic complexes. As shown in Fig. 2a, dI/dV spectrum recorded on a DCBP
molecule shows a shoulder at 2.7 V corresponding to the lowest unoccupied molecular orbital
(LUMO) (see SI Fig. S5). The peak due to the highest occupied molecular orbital (HOMO)
of the molecule is not visible within the recorded bias range of the spectrum. On a single
DCBP4Co complex, dI/dV reveals two peaks at 2.3 V and -1 V with corresponding electronic
states located on DCBP and Co center, respectively. Based on the bias-dependent STM
imaging of the four-fold phases and dI/dV spectroscopy of DCBP molecule as a function of
distance from Co center (see SI Figs. S5 and S6), it is clear that the peak 2.3 V originates
from the LUMO of the DCBP molecule. The shift of the molecular LUMO towards the
Fermi level by 0.4 V indicates that there is an electrostatic shift of the orbital energy due
to the Co atom of the complex and other complexes present in the vicinity.
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FIG. 3. Electronic properties of honeycomb DCBP3Co2 MOF. a, STS recorded on hon-
eycomb DCBP3Co2 at the positions shown in the inset. b, Calculated band structure and total
PDOS of DCBP3Co2 MOF. c,d Experimental (panel c) and simulated STM images (panel d) at
the energies indicated in the figure. Scan size is 6.2× 4 nm2.
dI/dV spectra on single DCA molecule on G/Ir(111) also reveals a peak at 1.8 V as
shown in Fig 2b. The gating effect due to Co atoms is also observed in the DCA3Co single
complexes. The dI/dV spectra recorded on DCA of the complex shows that the LUMO
shifts down to 750 mV and three satellite vibronic peaks also become visible. The vibronic
mode energy of ∼200 mV fits well with the expected energy of the C-C vibration [34, 35].
The assignment of the peak to the molecular LUMO is also evident from the STM images
(see SI Figs. S4 and S7). dI/dV spectra recorded on Co center of the complex shows an
additional shoulder at the onset of the peak. We attribute this shoulder to the metal-state
as the metal center becomes brighter in the STM images at sample bias beyond 0.7 V (see
SI Fig. S4).
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Figure 3a shows dI/dV spectra recorded on DCBP molecule in the DCBP3Co2 MOF has
a peak at 1.44 V which we ascribe to the elastic LUMO peak with corresponding vibronic
replica at 1.62 V. The small line-width of molecular LUMO and the observation of satellite
vibronic peaks indicates that the intermolecular electronic coupling in the framework is
weak such that we have isolated molecular electronic states. The spectrum recorded on the
Co center reveals a faint peak at -1150 mV, which is visible in the background corrected
spectrum (see SI Fig. S8). The state is localized only at the metal-center.
We have used DFT to calculate the band structure of the DCBP3Co2 MOF as shown
in Fig. 3b for the antiferromagnetic ground state. While DFT underestimates the band
gap, it correctly captures the nature of the lowest lying bands: the occupied states have a
stronger metal character compared to the unoccupied states, which are mostly composed of
the ligand states (Fig. 3c,d). The enhanced contrast on the metal atoms and ligands can
be seen at negative and positive bias, respectively, compared to the STM topography in the
gap (Figs. 3c middle panel). However, DFT seems to overestimate the band-width of the
unoccupied ligand-derived states compared to the experiment. This could be related to how
well the torsional angle between the phenyl rings of DCBP molecule is estimated by DFT
as this is known to control the pi − pi conjugation within the backbone of the molecule [36].
The coupling is enhanced for the planar, smaller DCA linker as demonstrated below.
A substantial in-plane electronic hybridization and formation of energy bands with sig-
nificant width in DCA3Co2 MOF is evidenced by dI/dV spectroscopy, dI/dV maps and
DFT calculations. dI/dV spectrum (Fig. 4, blue) recorded at the center of the ring (consti-
tuting six DCA lobes) has three peaks at 260, 480, and 860 mV. Considering the separation
between the first and the second peak, ∼220 mV, the second peak could still be interpreted
as a vibronic satellite. However, the separation between the second and the third peak rules
out vibronic origin. The spectrum at the center of DCA molecule (red curve) shows that the
first peak shifts to 360 mV, while that on cobalt (cyan curve) has the first peak at 320 mV.
The systematic evolution of the spectra across the framework is shown in the SI Fig. S9.
Comparison of the spectra at the lobe and center of DCA and cobalt in the DCA3Co2 MOF
to that of DCA3Co single complex indicates that there is additional intensity in the MOF at
energies higher than 700 mV (see SI Fig. S10). As the dI/dV signal is directly proportional
to the local density of states (LDOS), this is direct evidence of additional electronic states.
Further, we have recorded dI/dV maps of the same area at different energies as shown in
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FIG. 4. Electronic properties of honeycomb DCA3Co2 MOF. a, STS recorded on honey-
comb DCA3Co2 MOF on the positions indicated in the inset. b, Calculated band structure and
total PDOS of DCA3Co2 MOF. c, d, e, Experimentally recorded constant-height dI/dV (panel c
scan size 4.7 × 4.7 nm2), FFTs of large area dI/dV maps (panel d), and simulated LDOS (panel
e) at the energies indicated in the panels. The unit cell is indicated by the red parallelogram in
panels c and e
Fig 4c. At lower energies, 200-300 mV, DCA molecules feature LUMO lobes and Co appears
to be bright while at higher energies, e.g. 750 mV, metal states have lower intensity. At
intermediate energies, 410 and 450 mV, there exists extra features in the dI/dV maps su-
perimposed on the existing framework. To understand these features, we have taken Fourier
transforms (FFT) of a large area dI/dV maps (Fig. 4d). Apart from the 12 outer spots
(red circles) corresponding to the honeycomb structure of DCA3Co2 MOF, there exists in-
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ternal structure which evolves continuously with the bias. The spots in this quasi-particle
interference pattern correspond to scattering vectors connecting the initial and final states
of the scattering process at the given energy. In addition to this joint density-of-states,
they contain information on the nature of the allowed scattering processes [37–39]. While
quantitative analysis of the experimental patterns is difficult due to the other overlapping
peaks stemming from the geometry as well as the limited sample size (number of repetitive
unit cells), they indicate the formation of an extended electron system with considerable
dispersion (band width).
The calculated electronic band structure using DFT for the symmetric, ferromagnetic
DCA3Co2 framework without graphene is shown in Fig. 4b. In line with the calculations
done for DCA3Cu2 and DCA3Mn2 MOFs [7, 9], the band structure of DCA3Co2 MOF has
a number of flat-bands and Dirac cones. While the antiferromagnetic structure is slightly
lower in energy (by 0.05 eV), the ferromagnetic state better reproduces the experimental
results and we concentrate on it here (see SI Fig. S11). The presence of a large gap between
-0.7 eV and -1.2 eV in the calculated band structure and lack of states below the Fermi
energy in the dI/dV spectra until -1.5 V suggests that the energy corresponding to the
experimental Fermi level lies below the flat band at energy -0.7 V. The DFT calculation
suggests that the bottom of the conduction band consists of a flat band and a Dirac cone
stemming from the DCA states and the Kagome symmetry of the lattice. Subsequently, at
higher energies, there are also relatively flat bands originating mostly from the metal atom
orbitals and band with more mixed character. This overall picture is consistent with the
experiments where we first see intensity on the molecules with metal states emerging at
higher energies and an overall band width of ∼ 1 eV.
In summary, we have demonstrated synthesis of long range, ordered domains of two
honeycomb MOFs on epitaxial graphene surface. While DCBP3Co2-MOF only has weak
coupling between the building blocks, DCA3Co2-MOF shows significant in-plane hybridiza-
tion resulting in the formation of 2D electronic states with significant band width. These
observations point towards the experimental realization of engineered 2D-MOFs with exotic
electronic properties.
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SUPPLEMENTARY INFORMATION
Simulated nc-AFM image of DCBP3Co2 MOF
FIG. S1. Simulated nc-AFM image of DFT optimized DCBP3Co2 MOF shows non-planarity of
DCBP molecules and the chirality exhibited by the framework.
S1
Large area image of DCA3Co2 MOF
FIG. S2. A large area STM image of DCA3Co2 MOF on G/Ir(111) surface (dark area) showing
various domains of different sizes. The scale bar is 5 nm and the imaging parameters are V = 1.3
V and I = 20 pA.
S2
Co-N bond lengths
FIG. S3. Scaled molecular structures are overlaid on the STM topography image of a, DCBP3Co2
and b, DCA3Co2 MOFs. From here, we extract Co-N bond to be 1.55 ±0.5A˚. Scale bars are 10 A˚.
S3
Assembly of DCA3Co single complexes on G/Ir(111)
FIG. S4. a, A large scale STM image of DCA3Co single complex assembly recorded at bias, V = 0.3
V (I = 2 pA) showing the backbone of DCA molecules. The red circle indicates a single complex
on the surface. The scale bar is 2 nm. b, An STM image of the same area at bias V = 0.8 V (I = 2
pA) shows LUMO of the DCA molecules and cobalt at the center of the complex. The red circle
indicates the same complex indicated in panel a. The inset shows DFT simulated STM image
of DCA3Co complex showing LUMO. c, An nc-AFM image of a zoomed-in area shows internal
structure of the molecules and their arrangement in the single complex assembly. Again, the red
circle indicates a single complex. The cyano groups bonded to cobalt atom are lower than the non-
bonded cyano groups. Cobalt atom is not visible at this tip height. d, Same as panel c with an
overlaid chemical structure of the DCA3Co single complex. The inset shows a simulated nc-AFM
image of the single complex.
S4
Bias dependent STM imaging of DCBP molecule, DCBP4Co single
complex, and DCBP3Co stripe-phase
FIG. S5. a, Bias dependent STM topography images of DCBP molecules showing backbone (1.2
V), LUMO onset (2.1 V) and LUMO (2.5 V) and DFT simulated STM image showing LUMO.
Scale bars are 5 A˚. b, Bias dependent STM image of DCBP4Co single complex showing backbone
(1.1 V) and LUMO (2.6 V) and DFT simulated STM image depicting LUMO. Scale bars are 1 nm.
c, Bias dependent STM images of DCBP4Co single complex and DCBP3Co stripe showing HOMO
(-0.9 V) with a bright cobalt center, in-gap image (0.4 V), and LUMO of DCBP3Co stripe-phase
(1.45 V). Scale bars are 2 nm.
S5
Distance dependent gating on DCBP LUMO due to cobalt atoms
FIG. S6. a, STM image of a mixed island of DCPB molecules and DCPB4Co complexes. The scale
bar is 2 nm. Sample bias, V = 0.77 V and setpoint, I = 0.7 pA. b, Gating effect on the DCPB
LUMO due to the presence of cobalt metal atoms on the surface. dI/dV spectra are compared for
DCBP molecules lying at various distances from the cobalt metal atoms: DCBP molecule far away
from the cobalt atoms has LUMO peak at 2.75 V (blue curve) which is very close to the LUMO
peak in close-packed molecular assembly. The LUMO peak shifts to 2.60 V (green curve) for a
DCBP molecule close to a DCBP4Co single complex. For another non-bonded DCBP molecule,
close to two single complexes, the peak shifts to 2.37 V (red curve). A representative spectrum
(cyan curve) on DCPB molecule bonded to a DCBP4Co single complex has a LUMO peak at 2.30
V.
S6
Assembly of DCA molecules on G/Ir(111)
FIG. S7. DCA molecule forms close-packed assembly on G/Ir(111) surface. a, STM topography
image of DCA molecules at in-gap sample bias V = 0.4 V (I = 1.5 pA) shows molecular backbone.
The scale bar is 1 nm. b, STM topography image recorded at 1.6 V (I = 1.5 pA) shows LUMO of
the DCA. The scale bar is 1 nm. c, A zoomed-in nc-AFM image of molecular assembly reveals the
structure of the DCA molecules and their arrangement. The scale bar is 5 A˚. d, DFT simulated
STM image of DCA depicting LUMO. Molecular structures are overlaid on each image for the
clarity.
S7
dI/dV spectrum on Co in DCBP3Co2 MOF
FIG. S8. dI/dV spectrum (blue curve) on Co in DCBP3Co2 MOF shows a faint peak at -1.15 V.
After subtracting the reference dI/dV spectrum (green curve) recorded on G/Ir(111) surface, we
extract the spectrum on Cobalt (red curve).
S8
High spatial-resolution dI/dV spectra on DCA3Co2 honeycomb
MOF
FIG. S9. a,b dI/dV point spectra recorded along the backbone of DCA (panel a) and across cobalt
atom (panel b) of DCA3Co2 MOF as shown in the insets. At the center of the ring of DCA lobes,
dI/dV spectra shows peak position at 260 mV which shifts to 290 mV at the position of the lobe
which further shifts to 350 mV at the center of the molecule. Across the cobalt atom, the peak
position shifts to 320 mV from 350 mV at the center of DCA. Inset imaging parameters V = 120
mV and setpoint I = 33 pA.
S9
dI/dV spectra on DCA3Co single complex with DCA3Co2 honey-
comb MOF
FIG. S10. dI/dV point spectra comparison between DCA3Co single complex (SC) and DCA3Co2
MOF. The spectra at various locations of MOF are displaced vertically w.r.t each other for visual-
ization and the respective SC spectra are vertically displaced too to match MOF spectra. Further,
each SC spectrum is shifted towards fermi energy by 470 mV and multiplied by various factors
to achieve approximate normalization. Spectra at DCA center, DCA lobe, and cobalt of SC was
multiplied by 2.5, 2.7 and 3.1, respectively. Each spectrum recorded on MOF show enhanced NDR
effect, due to further decoupling from the substrate as in DCBP3Co2 MOF. Despite enhanced
decoupling, there is at least an excess of states at energies higher than 700 mV.
S10
Band structure and LDOS maps of DCA3Co2 MOF for the antifer-
romagnetic ground state
FIG. S11. a, Calculated band structure of DCA3Co2 MOF for the antiferromagnetic ground
state. The band structure shows a number of gaps at Γ-point and smaller gaps at K-point which
is inconsistent with the measured dI/dV spectra. While, the top right panels show the partial
density of states, the bottom panel shows the unit cell and corresponding brillouin zone. Presence
of a large gap between -0.4 eV and -1.25 eV in the calculated band structure and no observation of
states below Fermi energy in the dI/dV spectra until -1.5 V suggests that the energy corresponding
to the experimental Fermi level will lie below the flat band at energy -0.3 V. b, Simulated LDOS
maps for the similar energy range as in measured dI/dV band width shows the LDOS map deviates
significantly at -0.15 V from the measured dI/dV maps. The red rhombus represents the unit cell
of the structure.
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Methods
Sample preparation. The experiment was performed in a Createc low-temperature
STM/AFM equipped with a preparation chamber with a base pressure lower than 1× 10−10
mbar. Ir(111) sample was cleaned by repetitive cycles of sputtering using high energy (2
kV) Ne beam and annealing in oxygen environment at 900 ◦C followed by flashing to 1300
◦C. Graphene was grown by adsorbing ethylene and flashing the sample to 1100 - 1300 ◦C
in a TPG (temperature programmed growth) step followed by a CVD (chemical vapour
deposition) step where the Ir(111) substrate at 1100 - 1300 ◦C is exposed to ethylene gas at
4× 10−7 mbar pressure for around 60 s. This gives approximately a full monolayer coverage
of graphene (G/Ir(111)).
DCBPxCoy structures were prepared by sequential deposition of the molecule and cobalt
atoms on G/Ir(111) substrate at various temperatures. A submonolayer close-packed as-
sembly of DCBP molecules is achieved by depositing it on G/Ir(111) substrate kept at
room temperature using a home build evaporator at 47 ◦C. Addition of cobalt using a
high-temperature effusion cell to the molecular assembly leads to a spontaneous forma-
tion of DCBP4Co single complexes and DCBP3Co stripe-phase domains depending on the
DCBP:Co stoichiometry. To synthesize DCBP3Co2 honeycomb MOF, cobalt was further
added to the substrate at temperature 60 - 70 ◦C. After each stage of structure formation,
the sample was transferred to the STM and the measurements were performed at 4.5 K.
Similarly, DCAxCoy structures were prepared by sequential deposition of the molecule
and cobalt atoms on G/Ir(111) substrate at various temperatures. Addition of cobalt to the
submonolayer assembly of DCA molecules (evaporation temperature 60 ◦C) on G/Ir(111)
substrate at room-temperature leads to spontaneous formation of assembly of DCA3Co
single complexes. To synthesize DCA3Co2 honeycomb MOF, cobalt was fruther added to
the assembly of DCA molecules on G/Ir(111) substrate at ∼85 ◦C. Alternatively, substrate
with assembly of DCA3Co single complexes can be annealed at temperature 80-90
◦C for
45 minutes to form small domains of DCA3Co2 honeycomb MOF. Prolonged annealing at
similar temperature increases the domain size. Also, after each stage of structure formation,
the sample was transferred to STM and the measurements were performed at 4.5 K.
STM and AFM experiments. Voltage modulations with amplitude of 10 - 15 mV were
used for dI/dV spectra and maps. Mechanically cut Pt/Ir tips were used for all the STM
measurements. Non-contact AFM (nc-AFM) measurements were carried out using a qPlus
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sensor with resonance frequency f0 ∼ 30.7 kHz, a quality factor Q ∼ 105, a spring constant
k ∼ 1.8 kN/m, and an oscillation amplitude of 50 pm. Here, the tips were functionalized
by picking up individual CO molecules on a Cu(111) surface as described elsewhere [40, 41].
nc-AFM images were acquired by measuring the frequency shift of the qPlus sensor while
scanning over the area in constant height mode. The sample bias during nc-AFM imaging
was kept at less than 5 mV. WSxM [42] and Gwyddion [43, 44] software were used to process
all STM and nc-AFM images.
Computational All first principles calculations in this work were performed using the
periodic plane-wave basis VASP code [45, 46] implementing the spin-polarized density func-
tional theory (DFT). To accurately include van der Waals interactions in this system we
used the optB86B+vdW-DF functional, [47–49] selected based on previous work showing
that it provides a sufficiently accurate description for all subsystems involved in the mea-
surement. Projected augmented wave (PAW) potentials were used to describe the core
electrons, [50] with a kinetic energy cutoff of 550 eV (with PREC=accurate). Systematic
k-point convergence was checked for all systems, with sampling chosen according to system
size. This approach converged the total energy of all the systems to the order of meV.
Significantly increased k-point sampling with frozen geometries was used as the basis for
the band structure calculations. The properties of the bulk graphite, graphene and the
isolated molecular structures were carefully checked within this methodology, and excellent
agreement was achieved with experiments where possible. For calculations of the network
structures on graphene, system sizes were chosen to minimize lattice mismatch and any re-
maining strain (less than 1%) was accommodated in the graphene. Note that for calculations
of the DCA molecular network on graphene, DFT consistently predicted that the three-fold
symmetry seen experimentally would be broken by displacement of the Co closer to two of
the nitrogens by about 0.02 A˚. Although this is at the limits of our accuracy, we cannot
exclude that in reality something else plays a role in maintaining the symmetry, for example
the metal substrate. Since asymmetric structures were never observed experimentally, we
constrained the system to be three-fold symmetric. On graphene, the calculations suggest
displacement of Co towards the surface (larger than for DCBP3Co2), which is not really
seen in the experiment. Symmetric and asymmetric systems had minor differences in their
band structures, especially compared to those between antiferromagnetic and ferromagnetic
cases. As a further check, we also performed calculations on a DCA3Mn2 framework using
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the same approach, and found very similar results to those published previously [7].
STM images were calculated using the HIVE package [51]. For calculated AFM images we
used our implementation of the model developed by Hapala et al. [52]. The molecular struc-
ture was taken from DFT simulations and the electrostatic potential was extracted from the
Hartree potential [52, 53]. The mechanical AFM model relies on empirical Lennard-Jones
parameters, which were taken from the CHARMM force field [54]. The best agreement
with experiment was found with a tip lateral spring constant of about 0.5 N/m, similar
to values reported in previous studies [55]. All other parameters are the same as intended
by Hapala et al., and the simulated AFM scan is performed at a resolution of 5 pm (in
all directions), with a force tolerance criterion of 4 × 10−6 eVA˚−1. The 3D force field is
subsequently converted into a frequency shift image [56], using the experimental parameters.
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